Chronic irradiation of human or murine epidermis with ultraviolet B (UVB) induces clones of p53-mutant keratinocytes. Clones precede and parallel the induction of carcinomas, suggesting that they are an early stage of UVB carcinogenesis. In the absence of UVB, these clones rapidly regress. For UVB-induced murine skin tumors and papillomas, regression is known to involve antigen-specific immunity. To determine whether antigen-specific immunity influences the creation, expansion, or regression of p53-mutant clones, we studied Rag1 knockout mice deficient in the recombination activating gene 1 required for development of B, abT, cdT, and natural killer T cells. Since tissue homeostasis could affect proliferation or persistence of clones, we also examined the effect of Rag1 on UVB-induced hyperplasia and apoptosis. Mice were irradiated with UVB daily for 7-11 weeks to create p53-mutant clones, and then retained in the absence of UV. After UV ended, epidermal thickness decreased and p53-mutant clones observed in the epidermal sheets regressed, with no significant differences between Rag1 À/À and wild type. During the initial chronic UVB irradiation, increasing irradiation time increased both the number and size of p53-mutant clones, with no significant difference between genotypes. We conclude that antigen-specific immunity is not involved in the initiation, expansion, or acute regression of p53-mutant clones.
Introduction
Human squamous cell carcinoma of the skin is typically preceded by a precancerous lesion, actinic keratosis (Brash and Ponte´n, 1998) . Both stages usually carry mutations in the p53 tumor suppressor gene, and the majority of these mutations have the ultraviolet (UV) mutation signature that reflects the UVB origin of nonmelanoma skin cancers (Brash et al., 1991; Ziegler et al., 1994) . Even earlier in the process, normalappearing sun-exposed skin contains thousands of clones of p53-mutant keratinocytes again bearing the UV mutation signature (Jonason et al., 1996; Ren et al., 1996) . Irradiating mice with UVB generates similar squamous cell carcinomas, keratoses, and p53-mutant clones (Berg et al., 1996; de Gruijl et al., 1993; Zhang et al., 2001) . These clones are induced in parallel with but precede squamous cell carcinomas, consistent with being a precursor lesion to the carcinoma (Rebel et al., 2001) . Their number and size increase during sustained UVB irradiation, but in the absence of UVB the clones regress. Most disappear in 2-3 weeks (Berg et al., 1996; Zhang et al., 2001 ), a period that we term 'acute' regression to allow the possibility of other long-term regression processes. The mechanism of acute regression is unknown.
The immune response has an important role in limiting the development of UV-induced skin cancers and in inducing their regression. In mice, UVB-induced tumor cells are highly immunogenic and are rejected when transplanted into unirradiated syngeneic mice (Kripke, 1974; Fisher and Kripke, 1982; Ullrich, 2002) . The antigen specificity of this response is evident in experiments in which tumor rejection is suppressed by chronically irradiating animals with high doses of UVB (Fisher and Kripke, 1977; Daynes et al., 1981) . The process involves keratinocytes, Langerhans cells, antigen-specific Th1 and Th2 cells, and cytokines derived from these cells, and induces CD4 þ regulatory T cells that allow UVB-induced tumor cells to grow in the primary host (Ullrich, 2000) . These regulatory cells also specifically suppress tumor rejection when transferred to unirradiated mice, are specific for UVB-induced skin tumors, and fail to inhibit the rejection of chemically induced tumors. Antigen specificity is transferred by natural killer (NK) T cells (Moodycliffe et al., 2000) . Papillomas in chemically treated mouse skin are downregulated by gdT cells, which do not require antigen presentation but rely on recognition of Rae-1 and H-60 antigens by the NKG2d receptor (Girardi et al., 2001) . A more modest reduction in chemically induced papillomas is seen in recombination activating gene 1 (Rag1) or Rag2 knockouts (Kemp et al., 1999) .
If the role of immune surveillance is to detect cells as they become abnormal, the early stages in cancer would be expected to be critical. The identification of p53-mutant clones in skin makes it possible to determine whether the regression of these early pre-precancerous events results from the immunosurveillance known to act on UVB-induced carcinomas. Immune compromised animals would be expected to exhibit more or larger clones than immune competent animals. Experimentally, an immune deficiency can be created using cytokines, immunosuppressive drugs, or UVB itself. The drugs have pleiotropic effects, such as cytotoxicity, mutagenicity, and modulation of DNA repair, which complicate interpretation of the results. While immunosuppression induced by UVB persists after exposure ends (Kripke and Fisher, 1976) , it is incomplete at doses corresponding to human sunlight exposure (DeFabo and Kripke, 1979) . We therefore employed genetics.
Antigen-specific immunity requires antigen-specific recognition receptors provided by V(D)J recombination of immunoglobulins and T-cell receptors. The recombinase products of recombination activating genes 1 and 2 (Rag1 and Rag2) are rate limiting for V(D)J recombination (Oettinger et al., 1990) . Impaired function of either protein results in severe combined immunodeficiency and Rag1 knockout mice lack functional B, T, and NKT cells (Mombaerts et al., 1992) . These mice provide an opportunity to study the effect of deleting the antigen-specific, acquired immune system on cellular processes. For a study of UVB radiation on the skin, it is also important that Rag strains do not have the impaired DNA repair function exhibited by SCID mice. To determine whether microscopic stages of photocarcinogenesis, including the creation and regression of precancerous cell clones, are controlled by the antigen-specific immune system, we therefore studied UVB-induced p53-mutant clones in Rag1 À/À -deficient mice lacking antigen-specific recognition.
Results

Generation of p53-mutant clones
Chronic UVB irradiation (750 J/m 2 five times/week for 7-11 weeks) led to clusters of keratinocytes in wholemount epidermis that exhibited P53-immunopositive nuclei (Figure 1a, b) . Microdissection and DNA sequencing of the p53 gene in 24 P53-immunopositive clusters from Rag1 knockout mice revealed that the clusters were clonal: as with wild-type (wt) mice (Zhang et al., 2001) , half contained mutations in exon 8 of one or both alleles of the p53 gene. These carried the UV signature, with 92% of the 14 mutations occurring at dipyrimidine sites and 79% being C-T substitutions; codon 270 was a hotspot (not shown). Relatively low doses (approximately 0.75 MED) for 7 weeks were effective in generating clones. No clones were seen without UVB irradiation in either genotype. There were no differences in clone morphology between immune-deficient and wt mice. 
Absence of inflammatory lymphocytic infiltration adjacent to p53-mutant clones
A lymphocytic response to p53-mutant clones would be expected to cause an accumulation of dermal lymphocytes adjacent to the clones. Although inflammation was seen 48 h after irradiation, this subsided and chronically UVB-irradiated wt mouse skin did not show significant lymphocytic infiltration near p53-mutant clones (Figure 1c) . To more directly test the role of antigenspecific immunity on clone development, we studied Rag1 knockout mice, which are defective in T and B lymphocytes. Figure 1d confirms the expected lack of lymphocytic infiltration near p53-mutant clones in Rag1 À/À animals.
Similar epidermal hyperplasia in the epidermis of Rag1 knockout and wt mice during chronic UVB irradiation
Acute UV irradiation is known to result in epidermal thickening and increases the number of the cell layers at 48 h after irradiation, reaching a maximum at 4 days and declining slowly thereafter (Lu et al., 1999; Ouhtit et al., 2000) . Chronic irradiation causes similar thickening. It was important to know whether the hyperproliferative response to chronic UVB irradiation differed between Rag1 knockout and wt mice, because hyperplasia would artifactually reduce the effective UVB dose. Equally important, the clone expansion rate could be affected; for example, persistent hyperplasia parallels increased susceptibility to photocarcinogenesis (Strickland and Swartz, 1987) .
Epidermal thickening was present in both mouse groups after 7 weeks of 750 J/m 2 UVB irradiation, whether measured as scale unit thickness or as number of cell layers. The hyperplasia did not increase further after 7 weeks. Figure 2 shows that there was no significant difference in the thickness of the epidermis at 7, 9, or 11 weeks of UVB irradiation between Rag À/À and wt mice. When UVB was terminated, the thickness of the epidermis decreased similarly in both genotypes.
Generation and elimination of sunburn cells (SBCs) after acute UVB irradiation are similar in Rag1
À/À and wt mice A second tissue homeostasis mechanism is apoptosis, which opposes cell proliferation. Figure 3 shows that there was no difference between Rag 1À/À and wt mice in the baseline number of SBCs seen without UVB irradiation. Similarly, at 24 h after irradiation with 1250 J/m 2 UVB (approximately 1 minimal erythemal dose, MED), dorsal epidermis from Rag1 knockout and wt mouse dorsal epidermis showed no significant difference in the number of SBCs. The SBC morphology and localization in the epidermis were similar in both genotypes (not shown). SBCs were also eliminated with similar kinetics in the two genotypes; the number of SBCs remaining at 72 h was nearly equal to the basal level in both strains (Figure 3) . We conclude that observations on clonal expansion and regression of p53-mutant clones can be made without complications from genotype-specific changes in tissue homeostasis.
Figure 2 Similar epidermal hyperplasia in Rag1
À/À and wt mice during chronic UVB irradiation. Rag1 knockout and C57BL/6 wt mice were shaved and irradiated with 750 J/m 2 UVB daily five times/week for 7, 9, or 11 weeks using a bank of filtered FS40 fluorescent lamps. At 3 days after the final irradiation, mice were euthanized. Other mice were irradiated for 7 or 9 weeks followed by 2 weeks without UVB. A section of the dorsal skin was removed, fixed, subdivided, embedded in paraffin, and stained with hematoxylin-eosin. Under Â 400 magnification, five sectors of epidermis were measured by micrometer. Histograms show average epidermal thickness (mean7s.e.m., n ¼ 3). The two genotypes were not significantly different at any time point. The number of epidermal layers in the same part of the epidermis was also counted, with similar results (not shown)
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Chronic low-dose UVB irradiation induces p53-mutant clones in immune-deficient Rag1
À/À mice and in their corresponding wt with the same kinetics If antigen-specific immunity opposed the creation or expansion of p53-mutant clones, by eliminating either DNA-damaged or mutant keratinocytes, then visible P53-positive clones would be expected to appear at a faster rate in the Rag1 knockout. Longer irradiation times generated more clones in both knockout and wt mice (Figure 4) . Importantly, there were no significant differences in the extent of P53 clone induction by UVB between mice deficient in the antigen-specific immune response and immune competent mice after 7, 9, or 11 weeks of irradiation (P 7wk ¼ 0.84, P 9wk ¼ 0.39, P 11wk ¼ 0.61 by t-test).
Acute regression of P53-positive clones proceeds similarly in immunodeficient and wt mice
If the observed regression of p53-mutant clones required antigen-specific immunity, the decrease in the number of P53-positive clones after cessation of UVB would be slower in the Rag1 knockout. After UVB ended, the number of clones decreased in both strains (Figure 4) . No significant differences were seen between knockout and wt animals 2 weeks after the last irradiation, whether the initial irradiation was carried out for 7 or 9 weeks (P 7 þ 2wk ¼ 0.49; P 9 þ 2wk ¼ 0.16 by t-test). Thus, the acute phase of clone regression proceeds independently of functional antigen-specific immunity.
Antigen-specific immunity does not modulate the clonal expansion of p53-mutant clones If antigen-specific immunity eliminates mutant keratinocytes, one would expect larger mutant clones in immunodeficient mice. To examine clone sizes, we counted the number of cells per clone and plotted the distribution of clone sizes. To normalize for differences in the total number of clones produced under different conditions, the number of clones of each size is plotted as the percentage of the total number of clones for the genotype and time point. Figure 5a shows that, after several weeks of UVB irradiation, the distribution of clone sizes was similar in Rag À/À and wt mice. In addition, at each irradiation time, there were more small clones than large ones, suggesting stochastic development of the clones. Longer irradiation times led to a greater percentage of large clones in both knockout and wt mice. Thus, chronic UVB enlarges p53-mutant clones in both immunocompetent and immunodeficient mice.
Preferential loss of large p53-mutant clones during acute regression and independence of antigen-specific immunity After UVB irradiation is terminated, the number of P53-immunopositive clones in wt animals declines (Berg et al., 1996; Zhang et al., 2001) . Figure 5b shows that P53-immunopositive clones also regress in size. In particular, the largest clones are lost preferentially. The pattern of clone-size regression in Rag1 À/À mice was similar to that in wt, indicating that factors other than antigen-specific immunity are responsible for the acute regression of the clones. À/À and wt mice. Rag1 knockout and C57Bl/6 wt mice were shaved and irradiated with a single dose of 1250 J/m 2 UVB. After 24 and 72 h, mice were euthanized. Their irradiated dorsal skin was removed, fixed, subdivided, embedded in paraffin, and stained with hematoxylineosin. Under Â 400 magnification, SBCs were counted along the epidermis. Histograms show mean7s.e.m., n ¼ 3. The two genotypes were not significantly different at any time point Figure 4 Absence of antigen-specific immunity in Rag1 À/À mice does not alter the kinetics of induction or acute regression of p53-mutant keratinocyte clones. Wt mice (solid lines) andRag1 À/À (dotted lines) were shaved and irradiated with 750 J/m 2 UVB daily five times a week for 7, 9, or 11 weeks using FS40 fluorescent UVB lamps; mice were euthanized 3 days after the last irradiation. For some mice, irradiation was stopped at 7 weeks (triangles) or 9 weeks (circles). These groups were kept for two additional weeks without UVB irradiation. Epidermal sheets were fixed in acetone and stained with immunoperoxidase using CM5 polyclonal rabbit antibody. Groups of P53-immunopositive cells were counted by light microscopy at Â 200 magnification. Data points represent mean7s.e.m.; n ¼ 3. There were no significant differences in the extent of P53 clone induction by UVB between mice deficient in the antigen-specific immune response and immune competent mice after 7, 9, or 11 weeks of irradiation (P 7wk ¼ 0.84, P 9wk ¼ 0.39,
by t-test).
Discussion
Lack of immune surveillance for pre-precancers
As p53-mutant clones are microscopic precancerous events that can be visualized in situ, their murine counterpart provides a model for studying very early stages of photocarcinogenesis. These stages include both the first mutagenized cell and that cell's clonal
expansion. An effective immunological surveillance mechanism might recognize abnormal cells at either step. No lymphocytic or other inflammatory infiltration was found surrounding the p53-mutant clones in chronically UVB-irradiated wt epidermis, indicating that a significant immune response was absent (Figure 1 ). Rag1 knockout mice, deficient in B, T, and NKT cell responses, revealed no differences from wt mice in the rate of development of these skin pre- Figure 5 Antigen-specific immunity does not influence the size distribution of p53-mutant keratinocyte clones in Rag1 À/À mice compared to wt. (a) Rag1 À/À and C57BL/6 wt mice were irradiated five times/week with 750 J/m 2 UVB irradiation from FS40 fluorescent lamps for 7, 9, or 11 weeks; mice were euthanized 3 days after the last irradiation. The x-axis is compressed at large clone sizes. (b) In addition, some mice irradiated for 7 weeks were retained for 2 more weeks without irradiation. Epidermal sheets were prepared from the irradiated skin and stained with immunoperoxidase staining using CM5 polyclonal antibody as described in Materials and methods. The number of cells in each P53-immunopositive clone, referred to as clone size, was counted by light microscopy at Â 200 magnification. The number of cells per clone is plotted on the x-axis, which is compressed for clones 4400 cells. The percentage of clones falling in each size bin is plotted on the y-axis.
Immune surveillance and p53-mutant clones E Remenyik et al precancers (Figure 4 ). In the absence of UVB, the number and size of the clones decreased without significant difference between antigen-specific immunodeficient and competent mice (Figures 4 and 5) . Thus, antigen-specific immunity did not modulate p53-mutant clone development or its acute regression. Potential secondary consequences of Rag1 inactivation that might have affected proliferation, such as cytokine-mediated alterations in epidermal hyperplasia (Strickland, 1986; Berton et al., 1997; Ouhtit et al., 2000) or altered immunologic scavenging of apoptotic cells (Schwarz et al., 1995; Taylor et al., 2000) , were also not present (Figures 2 and 3) . These results contrast with the active role of immune surveillance for papillomas, a later precancerous lesion (Girardi et al., 2001) .
Immune evasion
Three factors could explain why antigen-specific immunity failed to participate in the observed regression of p53-mutant keratinocyte clones. First, p53-mutant clones may be too early in the cancer process to have developed the appropriate antigens; for example, these clones have normal histopathology (Ren et al., 1996) . Second, innate immunity, rather than adaptive immunity, might regulate clone development and regression.
Rag1
À/À mice do retain NK cell responses, and mice deficient in NK cells, due to a beige mutation or depletion with anti-NK1.1 or anti-asialo-GM 1 antibodies, exhibit an increased incidence of several kinds of tumors (Smyth et al., 2001) . But NK cell development and activation are influenced by signals from NKT, gd T, and perhaps other T cells (Daugelat et al., 1996; Carnaud et al., 1999) , so Rag1 À/À and wt mice would be expected to show differences in their response to p53-mutant clones. Moreover, no infiltrating immune cells were seen in or adjacent to p53-mutant clones (Figure 1) .
A more subtle possibility is that p53-mutant clones display antigens, but a response is prevented by simultaneous UV-induced immunosuppression. The absence of the Rag1 gene would then have no further effect. While the experimental conclusion would be unaffected -the clones are regressing in the absence of immune surveillance in either case -the possibility is of interest for the pathogenesis of skin cancer. Acute or chronic UVB exposure induces antigen-specific tolerance, suppresses contact hypersensitivity at the site of irradiation, and leads to systemic immune suppression; NK cells are also downregulated by chronic UV (Toda et al., 1986; Ullrich, 2000) . However, tolerance would still be accompanied by an immune response, which was not apparent (Figure 1) . Suppression of contact hypersensitivity appears to require high UV doses in the strain used here (Noonan and De Fabo, 1990 ) and recovers during chronic irradiation. Systemic immunosuppression also does not appear to be responsible for the similarity of results with and without Rag1. Daily UVB doses used are typically 10 000-50 000 J/m 2 , 10-20 times the daily dose used here, which corresponds to a barely visible sunburn (Fisher and Kripke, 1977; Kripke and Fisher, 1976) . At the present cumulative doses, immunosuppression is E40% of that achievable (DeFabo and Kripke, 1979) , so inactivating Rag would have had an additional effect. Moreover, systemic immunosuppression persists for up to 6 months (DeFabo and Kripke, 1979; Kripke and Fisher, 1976) , so the clone regression observed in the first 2 weeks post-UVB is proceeding despite any immunosuppression.
Immune-independent regression
Candidate mechanisms for regression of p53-mutant clones in the absence of immune surveillance include desquamation or apoptosis. Nonimmunologic elimination of chemically induced papillomas has been shown in immunologically compromised mice (Andrews, 1971 ). Regression of papillomas shows rapid and slow components (half-times of 24 and 4140 days) (Burns et al., 1976) ; the former value is similar to the turnover rate of transit amplifying cells. Strikingly, papilloma regression occurs in waves at 2-3 week intervals, as if related to epidermal differentiation (Andrews, 1971) . Finally, because mutation of p53 occurs early in UV-induced skin cancers in mice and humans, in contrast to its late mutation in colon cancers and chemically induced skin cancer, p53 mutations may create an immunologically privileged clone that can shield further genetic alterations in the otherwise highly immunogenic lineage of UV-induced tumors.
Materials and Methods
Animals
Rag1 knockout and corresponding C57BL/6 wt male and female mice were purchased from Jackson Laboratories and housed with yellow light. Unanesthetized mice were shaved on the back with an electric clipper and shaver 2 days before the experiment began at age 6-8 weeks. Mice without active hair growth were used for acute experiments. Mice in the chronic experiment were shaved again before the irradiation. Controls were identically housed and shaved. The studies were approved by the Yale Institutional Animal Care and Use Committee.
UVB irradiation
Mice were irradiated under a 1 Â 1 cm wire mesh to prevent standing, using four broadband FS20R12 UVB lamps (National Biological, Twinsburg, OH, USA). For chronic experiments, UVC was filtered out with a Kodacel filter (Eastman Kodak, Rochester, NY, USA). Lamp output was 250-420 nm with peak emission at 313 nm, and after filtering contained 72.6% UVB, 27.4% UVA, and 0.01% UVC as measured by an IL1700/790 spectroradiometer with double monochromator (International Light, Inc., Newburyport, MA, USA). The dose rate was 2.5 J/m 2 /s, monitored daily using a UVX Radiometer (Ultraviolet Products, San Gabriel, CA, USA).
Experimental design
Acute experiment Mice were irradiated with 1250 J/m 2 UVB and euthanized at 24 or 72 h after irradiation. All groups contained 3 mice.
Chronic experiment Mice were irradiated with 750 J/m 2 5 days/week for 7-11 weeks and euthanized after 7, 9, or 11 weeks. To allow the transient physiological UV induction of normal P53 protein to return to basal levels, mice were killed 3 days after the last irradiation. For clone regression, UVB irradiation was stopped at 7 or 9 weeks and mice were kept for two additional weeks.
Histopathology
The central strips of shaved dorsal skin of chronically irradiated and control mice, 0.3 cm in width, were fixed in Telly's fixative and embedded in paraffin. Paraffin blocks were cut in 5 mm sections and stained with hematoxylin-eosin to assess epidermal morphology and score SBCs. Morphometric analysis was performed by light microscopy. Epidermal thickness was measured at five randomly selected regions of each section using an ocular micrometer at Â 400 magnification, as well as by counting the number of nucleated cell layers. Slides were quantitated blind and averages, means, and standard error of the mean (s.e.m.) were calculated.
SBCs
A 1.5 cm 2 region of each irradiated central dorsal skin strip was cut and fixed in Telly's fixative overnight. Fixed samples were embedded in paraffin, sectioned, and stained with hematoxylin-eosin. Section length was measured under Â 160 magnification and SBCs were counted at Â 400. Criteria for SBCs were intensely eosinophilic cytoplasm with hyperchromatic pycnotic nuclei, or eosinophilic anucleate bodies. In all, 3-4 sections were analysed per mouse and the number of SBCs per centimeter was calculated, averaged per mouse, and statistically analysed.
Whole-mount epidermis
The shaved dorsal skins were cut and removed and the subcutaneous tissue was scraped away with a scalpel. Epidermal sheets were prepared by a modification of previous methods (Jonason et al., 1996; Zhang et al., 2001) . In total, 0.5-1.0 cm wide strips were incubated in PBS containing 20 mm EDTA/pH 7.4 at 371C for 1-2 h. Each sample was placed on a black nylon foil with the dermis facing the nylon, held with a forceps, and the whole epidermis removed using the edge of a spatula. Epidermal sheets were fixed in acetone at room temperature for 20 min and kept in PBS at 41C until use. No interfollicular keratinocytes remained on the discarded dermal portion.
Immunohistochemistry
Epidermal whole mounts in mounting cassettes were subjected to microwave antigen retrieval in pH 6 citrate buffer, PBS wash, quenching of endogenous peroxidases in 0.15% H 2 O 2 / PBS, and incubation with normal goat serum (Vector) in 3% BSA/PBS. Polyclonal rabbit P53 antibody CM5 (Novocastra) was applied at 1 : 2500 dilution overnight at 41C; this antibody recognizes both wt and mutant P53 protein. This was followed by biotinylated goat anti-rabit secondary antibody (Vector) (1 : 200 in 3% BSA/PBS) for 45 min at room temperature and ABC amplification (Vector) with diaminobenzidine chromogen. The sheet was mounted with Universal Mount (Research Genetics) without counterstain. Epidermal sheets known to have numerous clones served as positive controls.
Scoring of p53-immunopositive clones
The number and size of p53-mutant clones in the epidermal sheets were evaluated by light microscopy (Zeiss) using Â 200 magnification. The epidermis was investigated systematically in order to precisely cover the slide area without double reading or missing sectors. The number of P53-positive cell groups (clones) and the number of cells/clone were recorded. To determine sheet area, each mounted epidermal sheet was scanned into a digital file using a CanoScan FB620U scanner with 75 pixels/inch resolution. Images were saved in TIFF format and the area of the sheet was measured using NIH Image analysis software v1.62. Area was calculated in square millimeter. In all, 2-4 epidermal whole-mount sheets were stained and evaluated per mouse (200-1200 mm 2 epidermal area).
Abbreviations MED, minimal esythermal dose; NK, natural killer; PBS, phosphate-buffered saline; Rag1, recombination activating gene 1; SBC, sunburn cell; UVB, ultraviolet B (280-320 nm); XPA, xeroderma pigmentosum complementation group A.
